Abstract: Boron methacrylate (BAc) monomer was synthesized via an esterification reaction. Boric acid, neopentyl glycol, and 2-hydroxyethyl methacrylate (HEMA) were reacted to obtain boron-containing acrylic monomer. Characterization was achieved by FT-IR, 13 C NMR, 1 H NMR, and 11 B NMR and the results for the synthesized monomer were compared to those for HEMA. Homopolymer and copolymers with styrene (St) were synthesized via free radical polymerization. The properties of the synthesized styrene copolymers were investigated using several techniques. Monomer reactivity ratios for the studied monomer pair were calculated using the extended Kelen-Tüdos method. Copolymerization compositions and reactive ratios showed that the obtained copolymers had random characters. Thermal behaviors of the synthesized polymers were studied by thermal gravimetric analysis and differential scanning calorimetry methods. Boron methacrylate homopolymer showed one glass transition temperature at 73.7
Introduction
Boron compounds have specialized roles in many materials due to their good mechanical and thermal properties. Boron is used in the glass and ceramic industries for making materials resistant to heat. Boric acid and borate salts have been used as flame retardant additives since the early 1800s but they have been studied less than have phosphorus, halogens, and other compounds. The use of borates in enhancing the flame retardant property of polymeric materials was reported in the early 20th century. 1, 2 Borates are noticeable flame retardants because impenetrable glass coatings form when they are thermally degraded. 1 The glass coatings form on the surface and can contribute to the intumescent effect because they exclude oxygen and prevent further propagation of combustion. The flame retardant action of boron-containing compounds on polymeric materials is chemical as well as physical. 3 It was found that these inorganic boron compounds promote char formation in the burning process. Boron-containing polymers are an important class of materials in the field of inorganic and organometallic polymers. Of particular interest is the incorporation of organoboranes into the polymers because they can act as Lewis acids due to the empty p-orbital on the boron center. Boron-containing polymers can be classified as main chain and side-chain functionalized compounds. 5 The first main-chain organoboron-containing conjugated polymers were synthesized via hydroboration polymerization, but their characterization was hampered by their sensitivity to air and moisture. 6, 7 Chujo and co-workers pioneered the hydroboration polymerization methodology and systematically studied the resulting polymers. They have been successful in synthesizing a number of polymers that bear a boron atom in the main chain. 8 Fabre and co-workers reported the synthesis of boronic acid and boronate ester functionalized polypyrrole and its use as a fluoride sensor was studied electrochemically using cyclic voltammetry. 9 A variety of polymerization methods can be used to prepare organoborane polymers from organoboron monomers. 10, 11 Ring-opening metathesis polymerization is another methodology that has been employed for the synthesis of boron-containing polymers from boron-containing monomers.
12,13
From a family of polymers, acrylates are a type of vinyl polymers. They can be used in many industries, primarily in the dye industry, and also they have many copolymer derivatives. Acrylate monomers, which are esters, contain vinyl groups, that is, two carbon atoms double-bonded to each other, directly attached to the carbonyl carbon. Some acrylates have an extra methyl group attached to the alpha carbon, and these are called methacrylates.
Monomer reactivity ratios are important quantitative values to predict the copolymer composition for any starting feed in batch, semibatch, or continuous reactors and to understand the kinetic and mechanistic aspects of copolymerization. The change in the reaction medium with conversion affects the monomer reactivity ratio values. Among several procedures available to determine monomer reactivity ratio, the methods of MayoLewis (ML), 14 Finemann-Ross (FR), 15 inverted Finemann-Ross (IFR), Kelen-Tüdos (KT), 16 extended KelenTüdos (EKT), 17 Tidwell-Mortimer (TM), 18 and Mao-Huglin (MH) 19 are appropriate for the determination of monomer reactivity ratios at low conversions. The EKT and MH methods consider the drift of comonomer and copolymer composition with conversion. Therefore, they are suitable for the manipulation of high conversion data.
In the present study, a boron-containing acrylic monomer was synthesized and characterized. Synthesized monomer was polymerized via free radical polymerization and copolymerized with styrene monomer. The reactivity ratio was evaluated by the KT method. Emerging monomer and polymers were characterized with FT-IR, 13 C NMR, 1 H NMR, and 11 B NMR. The thermal behavior of these compounds was examined by differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA).
Results and discussion
Boron methacrylate monomer, which is classified as a saturated cyclic borate ester, was synthesized from 2,2-dimethyl-1,3-propanediol (neopentyl glycol) and boric acid via the esterification reaction in Figure 1 . We can observe the difference between BAc monomer and BAc homopolymer with disappearance of the peak between 5.5 ppm and 6.1 ppm that corresponded to C=C-H protons in Figure 5 because of polymerization. The spectrum of BAc homopolymer indicated two different -OCH 2 protons like BAc monomer. One of them was observed between 3.9 ppm and 4.8 ppm; other peaks were observed as one signal at 3.6 ppm. -CH 3 and -CH 2 signals were observed between 1.9 ppm and 0.8 ppm.
In the 11 B NMR of BAc monomer, there is a sharp peak between -20 ppm and 20 ppm. After polymerization, the peak remains within the same range, but it gets broader as seen in Figure 6 . In the 1 H NMR spectrum of p(BAc-co-St) in Figure 8 , the peaks appearing at around 6.5-7.5 ppm were assigned to the aromatic protons and peaks that appeared at around 3.4-3.6 ppm were assigned to -OCH 2 protons. Other -OCH 2 protons appeared between 3.8 ppm and 4.1 ppm. All other remaining peaks were observed between 0.8 ppm and 2.0 ppm.
In Table 1 free radical copolymerization feeding polymer ratios of the prepared samples are given. The following notation will be used for the different copolymers. p(BAc) and p(St) are the homopolymers of BAc and St. p(BAc-co-St)-50/50 represents a random copolymer of 50 mol % BAc and 50 mol % St in the monomer feed. Thus, p(BAc-co-St)-10/90 is a random copolymer of 10 mol % BAc and 90 mol % St in the monomer feed. As shown in Table 1 , copolymers with increasing compositions of boron methacrylate were obtained with overall polymer conversions of 7%, 31%, 12%, 30%, 27%, and 46%. For the homopolymers of BAc and St, conversion of 44% and 29% was obtained, respectively. 1 H NMR spectrum of p(BAc-co-St) copolymer. Copolymer compositions of p(Bac-co-St) copolymers were determined by 1 H NMR. The experimental fraction of BAc monomer was slightly lower than the corresponding fraction in monomer feed, as shown in Table 1 .
In the 1 H NMR spectral peaks of p(BAc-co-St) copolymers appearing at around 6.5-7.5 ppm were assigned to the aromatic protons from p(St) polymer fraction and at around 3.4-3.6 ppm were assigned to -OCH 2 protons from p(BAc) polymer fraction. Compositions of copolymers in Table 1 were calculated on the basis of 1 H NMR results, comparing the values of integrals of peaks that appeared at around 3.4-3.6 ppm, which is characteristic for -OCH 2 protons in the BAc monomer and peaks that appeared in the range of 6.5-7.5 ppm, which are for aromatic protons of St monomer. Copolymerization of the newly synthesized BAc with St was evaluated via free radical polymerization with different monomer feeds to calculate the reactivity ratio of the monomers. For this purpose, during the copolymerizations, total monomeric composition and time were maintained constant, as was the temperature, which was kept within ±0.1 • C. All runs were carried out by employing the initiator 2.5 mol % of the total momomer amount. Monomer reactivity ratios of BAc and St for their free radical copolymerization were calculated by the well-known EKT method from the composition of the monomer feed and that of the instantaneously formed copolymer (Table 2) . This method essentially uses the equation
Run
where η and ξ are functions of both feed and copolymer compositions defined as
H and G are defined using a conversion-dependent constant Z, which is expressed as
ξ 1 and ξ 2 are, respectively, the partial molar conversions in monomers M 1 and M 2 and are given as
where
µ 1 and µ 2 represent the molecular weights of monomer 1 and 2, respectively, and ω is the total fractional conversion. Thus, the H and G values are defined as follows:
and α is an arbitrary parameter, usually taken as
Monomer reactivity ratios (r 1 and r 2 ) were calculated using experimental data, presented in Table 3 , treated by EKT method. The linear plot according to Eq. (1) gives r 1 + r 2 /α as slope and -r 2 / α as intercept in Figure 9 . The reactivity ratios, which were found to be r 1 = 0.08, r 2 = 0.95, and r 1 . r 2 < 1 for the pair BAc-St show that this system undergoes random copolymerization. The value of r 1 is less than unity, which means that boron acrylic monomer (BAc) terminated propagating chain prefers to add St than another BAc monomer that is involved in the reaction. According to the obtained results it can be concluded that there occurs some composition drift that the produced copolymer contains more St than expected. The value of r 2 near to unity implies the copolymerization initially is dominated by this species, which is the more reactive monomer.
17,20
Thermal behaviors of the synthesized polymers were investigated with DSC and TGA. DSC measurements were conducted with a heating rate of 20
• C/min. The thermal stability measurements were evaluated by TGA under nitrogen at a heating rate of 20
• C/min. The results of thes thermal analysis are summarized in Table 4 . 
Tg ( • C) Mn
Residue at 500 Normally, Tg values of standard polystyrenes are above 100
• C in many references, but the Tg of polystyrene can change according to the molecular weight. 21 One structure factor that greatly influences the physical properties of polystyrene is molecular weight. The glass transition of polymers corresponds with the start of the translational motion of chain segments and the Tg is essentially independent of molecular weight. However, it is known that in the molecular weight range where the degree of polymerization is low, the effects of chain ends lower Tg. 22 The research regarding the relationship between polystyrene molecular weight and glass transition has been widely reported in the past.
23,24 Figure 10 shows the dependence of glass transition temperature on molecular weight, which has been investigated in the literature. Claudy et al. used DSC to investigate the relationship of the degree of polymerization of polystyrene and glass transition.
In our study we also found 85.4
• C for the Tg of polystyrene with a molecular weight of 6624. As seen in Figure 11 and Table 4 , depending on the copolymer composition and the molecular weight and also for being random copolymers, glass transition values of BAc-St copolymers were in between the glass transition temperature values of homopolymers pSt and pBAc. Although pBAc homopolymer had a Tg value of 73.7
• C, the Tg value of copolymer p(BAc-co-St)-50/50 was 81.5
• C due to the high molecular weight and high polystyrene percentage. In the case of p(BAc-co-St)-10/90, it was 68.4
• C. Since the molecular weight was 5830 no effect of 10% BAc could be observed. Figure 12 shows TGA diagrams of the obtained copolymers. St homopolymer and copolymers have one decomposition step, while BAc homopolymer has two decomposition steps. Char yields were increased by pBAc content in pSt copolymers. pBAc homopolymer had the highest char yield because of the boron group but first decomposition started just after 160
• C as can be seen in the DSC plot as well. Solubility of the synthesized polymers was tested in different solvents at room temperature; 100 mg of monomer or copolymer was used to dissolve in 1 mL of different solvents and the results can be seen in Table 5 .
BAc homopolymer was dissolved only in DMSO and DMF. On the other hand, p(BAc-co-St) copolymer was dissolved in DMSO, THF, DMF, ethyl acetate, diethyl ether, and methanol. In conclusion, BAc monomer, its homopolymer, and styrene copolymers were synthesized. The structures of the monomer and polymers were characterized and confirmed using NMR and FT-IR spectroscopy. Monomer reactivity ratios for the studied monomer pair were calculated using the EKT method. Copolymerization composition and reactive ratios showed that the copolymerization occurred randomly. The Tg value of pBAc and pSt was 73.7
• C and 85.4
• C, respectively. Depending on the copolymer composition, St copolymers' glass transition temperatures were between 68.4
• C and 81.5
• C. TGA analysis showed that while St homopolymer and copolymers have one decomposition step, BAc homopolymer has two decomposition steps. Char yields were increased by pBAc content in pSt copolymers. Furthermore, solubility of the homopolymers and copolymers was examined with different solvents. (BDH Chemicals), hypophosphorus acid, 50% w/w aqueous solution (Abcr), boric acid (99%, Merck), 2-methylhydroquinone (99%, Abcr), and 2,2'-Azobis(2-methyl-propionitrile) (AIBN) (98%, Acros Organics) were used as received. Tetrahydrofuran (THF, 99.8%, J.T. Baker) was dried and distilled over benzophenone-Na.
Equipment
FT-IR analyses were performed with a Thermo Scientific Nicolet IS FT-IR Spectrometer. 20 The driving pressure in this viscometer was determined by measuring the distance from the level of the liquid in the bulb to the level at the bottom of the capillary. DSC measurements were performed with a TA DSC Q10 instrument in a flowing nitrogen atmosphere from 30 • C at a scanning rate of 10 • C/min.
Analyses were performed with a TA Q50 instrument under nitrogen atmosphere at a heating rate of 20 • C/min rising from room temperature to 800
• C. The weights of samples were between 6 and 10 mg. Calibration was achieved with indium as reference material.
Synthesis of boron methacrylate monomer (BAc)
Boron methacrylate monomer was synthesized according to our previously mentioned method with two steps by esterification reaction. 25 In the first step, 17 mL of toluene was added to a 100-mL two-necked round flask equipped with a Dean-Stark apparatus and a Friedrich condenser. The flask was also equipped with a stopper, drying tube, and needle for air pump. The heater was set to 60 • C. Then 5 g of boric acid, 0.056 mL of hypophosphorous acid, and neopentyl glycol were added to the system and the temperature was increased and set to 125
• C for dissolving. Two equivalents of water were removed by azeotropic distillation with a Dean-Stark apparatus. In the second step, 0.0556 g of methylhydroquinone and 9.8 mL of HEMA were added to the flask and one equivalent of water was removed. At the end of the reaction, the solvent was removed from the product by vacuum distillation at 30 mmHg, 40
• C, and the product was obtained as a transparent liquid. The yield of the reaction was 78%.
Synthesis of boron methacrylate homopolymer (pBAc)
The polymerizations were performed in a dry Schlenk tube charged with a determined amount of BAc monomer, 5 mL of methanol, and AIBN (2.5 mol % of total monomer). Oxygen was removed by nitrogen via applying a vacuum using three freeze pumps. The reaction tube was immersed into a silicon oil bath, preheated to 70 • C.
After the desired time, the tube was removed from the bath and cooled rapidly down to ambient temperature, and the reaction mixture was diluted with methanol. The polymers were precipitated into diethyl ether and dried under vacuum of 20 mmHg at room temperature.
Synthesis of boron methacrylate-styrene copolymers (p(BAc-co-styrene))
The polymerizations were performed by general copolymerization method as mentioned in our previous work in a dry Schlenk tube charged with determined amounts of monomers (BAc and styrene), 2 mL of toluene, and AIBN (2.5 mol % of total monomer). 26 Oxygen was removed by nitrogen via applying a vacuum using three freeze pumps. The reaction tube was immersed into a silicon oil bath, preheated to 80 • C. After the desired time, the tube was removed from the bath and cooled rapidly down to ambient temperature, and the reaction mixture was diluted with THF. The polymers were precipitated into hexane, filtered, and dried under vacuum of 20 mmHg at room temperature.
